Released (co)monomers from dental composite components can induce DNA damage of which DNA double-strand breaks (DSBs) threaten genome integrity. Here, we tested whether the administration of the antioxidant N-acetylcysteine (NAC) is able to reduce the dental composite-induced DSBs in primary human gingiva fibroblasts. The dental composites Bis-GMA (bisphenol-Aglycerolate dimethacrylate), GMA (glycidyl methacrylate), HEMA (2-hydroxyethyl methacrylate) and TEGDMA (triethyleneglycol dimethacrylate) were found to induce co-localizing microscopic nuclear foci numbers of the DSB markers γ-H2AX and 53BP1 per cell in the order: GMA>Bis-GMA>TEGDMA>HEMA. Supplementation of (co)monomer-containing culture medium with NAC led to a significant reduction of resin-induced DSBs as well as to an amelioration of dental monomer-induced nuclear chromatin condensation in gingival fibroblasts. Thus, antioxidant treatment can reduce radical-induced chromatin and DNA damage and open avenues to mitigate genotoxic effects of dental composite compounds.
INTRODUCTION
Tooth-colored composite materials have increasingly entered dentistry in the 1990s 1) . Dental synthetic materials such as adhesives, fillings and crowns consist of (co)monomers that are chemically cured by UV or halogen light. However, the ensuing polymerization involves only 50-75% of the applied monomers 2, 3) . Consequently, non-crosslinked resin monomers can be leached out from the fillings by saliva, food or drinks 4, 5) and reach the tissues of the oral cavity. These monomers can be inhaled or via the saliva reach the intestinal tract where they are absorbed by the small intestine and further metabolized [6] [7] [8] [9] [10] . Two main hypotheses how comonomers induce double strand breaks (DSBs) are currently discussed. First, a reactive monomer, e.g., TEGMA, binds covalently to genomic DNA, with the beta carbon of the two double bonds in a TEGMA molecule reacting directly with nucleophilic centers in the DNA via Michael addition, resulting in the formation of intra-strand DNA crosslinks that may subsequently induce DNA lesions. Second, TEGDMA and related resin monomers induce mutations via the generation of reactive oxygen species (ROS), as do agents like as ionizing radiation, UV, and certain chemicals 11) . ROS are the major agents responsible for endogenous DNA damage, which includes oxidation products of DNA bases and DNA strand breaks 11) . Previous own studies have shown that the microsomal degradation of (co)monomers [for example 2-hydroxyethyl methacrylate (HEMA)] can lead to the formation of epoxides, like 2,3-epoxymethacrylate, which are considered highly toxic and mutagenic substances [12] [13] [14] [15] [16] . In addition, (co)monomers can form ROS during their metabolization, that may be mutagenic and genotoxic [14] [15] [16] [17] .
Between 1960 and the late 1990s an increase in oral cancers among young (<45 years, nonsmokers and abstinent) adults was observed in Europe and the USA [18] [19] [20] . While the etiology still being unclear, Helicobacter pylori infections 21) or human papillomavirus and xenobiotics and/or their metabolic products are discussed as potential causes 22) . Questions relating to the biocompatibility and toxicity of iatrogenic xenobiotics, which include the dental composites, have been raised 11) , especially since young adults increasingly prefer tooth-colored materials for aesthetic aspects [23] [24] [25] . In this respect the growing use of polymer composite material has been linked to adverse effects on gingiva and pulp homeostasis 11, 26, 27) . Previously, we observed that monomers can induce DNA DSBs in human gingiva fibroblasts (HGFs) using the DSB focus assay [28] [29] [30] . This assay makes use of the phosphorylation of histone H2AX (then called γ-H2AX) that is formed by DSB-responsive kinases in the chromatin surrounding a DSB [31] [32] [33] [34] . Furthermore, DSBs are attracting the DNA damage sensor protein 53BP1 that also forms microscopically visible foci around DSBs 35, 36) . Therefore, the microscopic quantification of colocalizing γ-H2AX and 53BP1 foci has been used for NAC ameliorates dental composite-induced DNA double-strand breaks and chromatin condensation [39] [40] [41] . The metabolism of these substances was elucidated in animal studies using radioactively (C-14)-labeled (co)monomers [6] [7] [8] [9] . It was noted that dental resin monomers can induce DSBs 29, 30) and HEMA exposure can lead to apoptosis through oxidative DNA damage 42) , while Bis-GMA has been observed to induce morphological changes in human pulp cells including cellular contractions 43) . Since radicals, like composite monomers may induced adverse cellular effects, we performed experiments using the antioxidant N-acetylcysteine (NAC) that has been observed to reduce the cytotoxicity of methacrylates in pulp cells of rats 44) and ameliorate DNA deletions in ATM-deficient mice 45) . Furthermore, orally administered mixtures of antioxidants, including NAC, have been shown to reduce ionizing radiation-induced DSBs 46) . The aim of this paper was thus to study the effects of the antioxidant NAC on dental (co)monomer-induced DSB formation and nuclear chromatin morphology in human gingiva fibroblasts.
MATERIALS AND METHODS

Chemicals
The composite components Bis-GMA (CAS-No. 1565-94-2), TEGDMA (CAS-No. 109-16-0) and HEMA (CASNo. 868-77-9) were obtained from Evonik Röhm (Essen, Germany), GMA (CAS-No. 106-91-2) and antioxidant NAC were obtained from Sigma-Aldrich (Steinheim, Germany). All studied substances are listed in Table 1 . In addition to the monomers we used acrylamide (ACR) as a marker substance for epoxide formation, because it is known that metabolization of ACR can form an epoxide compound, glycidamide, which is highly reactive 47) . ACR (CAS No. 79-06-1) was obtained from Sigma-Aldrich (Table 1) .
Bis-GMA, GMA, HEMA, TEGDMA and ACR were deployed in a dilution series of the pure substance with Fibroblast Growth Medium (Provitro, Berlin, Germany)+dimethyl sulfoxide (DMSO, 99% purity; Merck, Darmstadt, Germany) at a final concentration of 0.5%.
Controls contained: 1) medium+0.5%DMSO, 2) medium+0.5%DMSO+10 mM NAC. The antioxidant concentration used was chosen on the basis that previous studies revealed a reduction of the TEGDMA and HEMA genotoxicity at a dose of 10 mM NAC 11, 48, 49) . As in our previous experiments we used cells exposed to 1 mM hydrogenperoxide (Sigma-Aldrich) dissolved in medium 28) and 0.5 Gy X-ray exposed cells 30) as a positive controls (not shown; see refs. 28, 30) .
Cell culture and drug treatment
The HGFs (Cat-No.: 1210412) were obtained from Provitro, Cell-Lining (Berlin, Germany). The HGFs (passage 9) were cultured in 175 cm 2 cell culture flasks using Fibroblast Growth Medium (Provitro) in an incubator with 5% CO 2 at 100% humidity and 37°C. HGFs were seeded directly on glass slides (Super Frost Germany) in quadriPERM ® chambers (GreinerBio-One, Frickenhausen, Germany). The method of cell culturing was as described previously 30) . After HGFs reached 70% confluence, cells were exposed for 6 h with the tested substances alone or together with the antioxidant (Table 1) .
XTT-based viability assay
In this study we used the half maximum effect concentration (EC 50) values for the investigated compounds as determined previously with the XTTbased cell viability assay for HGFs 28, 30) .
γ-H2AX and 53BP1 immunofluorescent staining DSB focus staining with mouse-anti-γ-H2AX antibody (1:500; Biomol, Hamburg, Germany) and rabbit-anti-53PB1 antibody (1:500; Acris Antibodies, Herford, Germany) was performed as described in detail by Styllou et al. 30) using the secondary antibodies listed in Table 2 . After IF staining 18 µL antifade solution (Vectashield containing DAPI; Axxora Deutschland, Lörrach, Germany) were applied to the slides and covered with coverslips (#H878; Carl Roth, Karlsruhe, Germany). γ-H2AX/53BP1 foci were counted until at least 40 cells containing ≥1 focus or 800 cells with no foci were reached 50, 51) .
Nuclear morphology
To monitor for potential substance-induced changes in nuclear morphology, images of DAPI-stained HGF nuclei were recorded. Previous studies have shown that human fibroblasts grow flat and allow calculating nuclear size (area) by a 2D approach 52) . Hence, we determined the area covered by DAPI-stained nuclei of 100 cells by calculating the area of an elliptical HGF cell nucleus with the formula A=¼×π×D×d[µm 2 ]. A is equal to the area covered by DAPI-stained nuclei, D denoting the largest extension (lengthwise) and d denoting the shortest extension (perpendicular to D) of the ellipsoid HGF nuclei.
Image acquisition and microscopy Fluorescent images were recorded using the ISIS fluorescence imaging system (MetaSystems, Altlussheim, Germany) containing a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss, Jena, Germany) equipped with a motorized filter set for excitation of immunofluorescence in red, green and blue and 40× and 63× Plan-Neofluar oil immersion lenses (Zeiss, Jena, Germany).
Data analysis
All experiments were repeated three times. For XTTbased cell viability assay data were compared using the Student's t-test, corrected according to the BonferroniHolm modification 53) . For average foci per cell values, the nuclear morphology effects and their standard deviation (SD) the Wilcoxon rank sum test R was applied for statistical comparisons. Cells were exposed 6 h to Bis-GMA, GMA, HEMA, TEGDMA or ACR at the EC50 concentration given in Table 3 , +/−10 mM NAC. The results are displayed as the mean of ≥three independent experiments (error bars: SD). Statistical comparisons using the Wilcoxon rank sum test revealed significant differences to the controls ( *p<0.05, **p<0.01, ***p<0.001). 
RESULTS
Antioxidant effects and Xenobiotica-mediated DSB formation
All substances have been observed to induce DSBs in HGFs 28, 30) . Thus, we investigated DSBs induction using γ-H2AX and 53BP1 colocalizing foci (Fig. 1) as surrogate markers for DSB formation 38, 50, 51) . In HGFs exposed to (co)monomers at their EC50 concentrations (Table 3) we noted the induction of γ-H2AX/53BP1 DSB-indicating foci (Fig. 1 ) in the order: GMA>Bis-GMA>ACR>TEGDMA>HEMA, whereby GMA induced the highest foci per cell (fpc) value, with 3.8 (±0.18) fcp, and HEMA inducing the lowest DSB foci number of in average 1.6 fpc (±0.02) (Fig. 2) . Control cultures with and without DMSO and/or antioxidant displayed similar fpc numbers (Fig. 2) .
To determine whether the DSB-seeding action of the xenobiotics is driven by radical species, we incubated the HGF cells with the substances in presence of the antioxidant NAC, in concentrations used previously in studies on HEMA and TEGDMA cytotoxicity 11, 48, 49) . DSB-indicating foci were induced by each xenobiotic, even in the presence NAC. However, the presence of NAC led to a significant reduction of the average DSB fpc numbers relative to control (Fig.  2) . GMA+NAC induced the highest average fpc DSB number of 2.6 (±0.11 SD) which is a 31% reduction relative to GMA alone. HEMA+NAC induced the lowest DSB foci per cell with 0.7 (±0.02) fpc, which is a 57% Fig. 3 Average reduction of the nuclear area as a measure of nuclear chromatin condensation in HGF cells after 6 h exposure to Bis-GMA, GMA, HEMA, TEGDMA and ACR, at the respective EC50 concentrations (Table 2) , each with and without 10 mM NAC. All results are expressed as the mean of at least three independent experiments; error bars represent the standard deviation. Values were compared using the Wilcoxon rank sum test. Marked values were significantly different to the controls ( ***p<0.001), except for GMA.
reduction relative to HEMA alone (Fig. 2) .
Effects of monomers and antioxidant on nuclear morphology
It has been noted that exposure to (co)monomers can induce nuclear chromatin condensation in the affected cells 30) . To test this we determined nuclear condensation in control, resin-treated and resin+antioxidant-treated cells by measuring the average area covered by the nuclei under different culture/exposure conditions. This approach revealed a significant reduction in the area covered by the nucleus of substance-treated cells compared to controls (Fig. 3) being indicative of substance-induced nuclear condensation. In the presence of the antioxidant NAC the compound-exposed HGFs maintained their relative nuclear area for all tested substances, indicating a protective effect of NAC (Fig. 3) .
Finally, a change towards acidic pH as a possible DNA damage and nuclear condensation and cytotoxicity 54) inducer can be excluded, since the pH in all solutions, with or without xenobiotic and with or without antioxidant, was always in the neutral range (Table 4) and the presence of NAC in medium did not alter the DSB foci number relative to control (Fig. 2) .
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DISCUSSION
Here, we exposed HGF cells to xenobiotica at GMA, Bis-GMA, TEGDMA, HEMA and ACR, at their respective EC 50 values and noted relative toxicities ( Table 3) that agree with those obtained in former studies 28, 30, 55) . To test whether (co)monomer-induced DSB formation is mediated via radiacls, we tested whether the antioxidant NAC can reduce the previously noted 28) dental (co)monomer-induced DSB formation and nuclear chromatin condensation in human gingiva fibroblasts. To this end, we exposed HGF cells to dental sealer compounds in the presence and absence of the antioxidant NAC. DSB formation was studied using colocalizing foci of γ-H2AX and 53BP1 as surrogate markers for DSBs, which is widely accepted in the literature 28, 30, 33) . As compared to an earlier study 56) that also used Bis-GMA at 0.09 mM, we noted the induction of 2.6 fpc in the γ-H2AX/53BP1 DSB focus assay, which is significantly lower compared to the 4.1 fpc observed with γ-H2AX focus staining alone 56) . This difference likely relates to the use of γ-H2AX-only-foci staining by Lottner et al. In the present study only colocalizing γ-H2AX and 53BP1 foci ( Fig.  1) were enumerated 38) avoiding misinterpretation of background γ-H2AX foci as DSBs 30) . The evaluation of costaining foci was necessary, since we noted in some exposed HGF nuclei different numbers of γ-H2AX and 53BP1 foci (Fig. 1C) , which led us to conclude that only the colocalizing γ-H2AX and 53BP1 foci indicate true resin-induced DSBs.
To see whether the monomer-induced DSB effects relate to radical-mediated mechanisms, we investigated the effect of a radical scavenger on dental monomerinduced DSB formation and nuclear chromatin condensation observed previously 30) . We found that the addition of the antioxidant NAC to xenobiotic-containing medium reduced DSB levels and preserved nuclear integrity as indicated by the alleviation of a substanceinduced chromatin condensation.
The observed NAC-mediated effects may be linked to its ability to effectively reduce reactive oxygen and reactive nitrogen species 57) , with its protective effects being attributed to the sulfhydryl group of NAC that acts as a direct ROS scavenger. Furthermore, the NAC thiol compound and GSH precursor is able to significantly increase endogenous GSH levels thereby reducing oxidative damage 11, 58) , with NAC in addition also having cyclooxygenase-2 (COX-2) inhibitor 59) and prostaglandin-E2 inhibitor activity 60) . COX-2 is induced by inflammatory cytokines like interleukin-1β (IL-1β) and plays an important role in various inflammatory processes. COX-2 is induced in osteoblasts as well as in synovial cells. The expression of COX-2 proceeds to the production of prostaglandins. It was shown that NAC inhibited IL-1β-induced COX-2 expression in a dose-dependent manner, also nuclear factor κB (NFκB) translocation and furthermore NAC inhibited IL-1β -induced COX-2 mRNA expression in osteoblasts 59) . Analogously, former studies have shown that mucosal healing and reduced inflammation of ulcerative colitis is induced by luminal therapy with NAC resulting in significant reduction in PGE2 levels 60) . Colitis caused by trinitrobenzene sulfonic acid (TNBS) evoked an intense generation of prostaglandin E2 in colonic tissues. NAC caused a net reduction in inducible nitric oxide synthase (iNOS) activity evoked by TNBS 60) . A new study demonstrated that the monomers HEMA and TEGDMA could disturb the intracellular redox balance, impair the functions of mitochondria and thus induced apoptosis through the intrinsic mitochondrial pathway in human dental pulp cells (hDPCs). It was noted that treatment with 10 mM NAC could relieve dental monomer-induced oxidative stress and subsequently protect the cells from apoptosis, with NAC alleviating monomer-induced depletion of GSH and the over-production of ROS induced by dental monomers was significantly relieved 61) . Here we add to these data that NAC is capable to prevent DSBs in the nuclei of exposed cells.
NAC may also directly react with the methacrylic group of dental monomers through Michael-type addition reaction and thus reduce the availability of free dental monomers 62) . It is suggested that the formation of adducts with dental monomers could only be partially responsible for the protective effects of NAC against monomer-induced cytotoxic effects 63) . Former studies showed that the intracellular GSH is the primary antioxidant central to the cell response towards oxidative stress induced by dental monomers using the 6 Dent Mater J 2017; : -GSH synthesis inhibitor buthionine sulfoximine (BSO) and GSH synthesis promotor 2-oxo-4-thiazolidinecarboxylic acid (OTC) 42) . The metabolization of dental methacrylates involves the formation of toxic epoxides 12, 13) . In the present study ACR was included as a marker substance, since it can be metabolized to an epoxide (glycidamide). While Bis-GMA cytotoxicity is 330-fold higher relative to ACR, both substances were almost equivalent in the induction of DSB foci (Fig. 2) . This effect may be linked to the high molecular weight of Bis-GMA relative to ACR (Table 1) , since in dental (co)monomers a direct correlation between increasing molecular weight and the degree of cytotoxicity has been observed 64, 65) ( Table 1 ). HEMA and TEGDMA were up to 110-fold less toxic than Bis-GMA, whereas HEMA was less toxic than TEGDMA, in agreement to former own results 65) . This can be explained by the more hydrophilic character of HEMA, which has an additional hydroxyl group compared with TEGDMA. The higher cytotoxicity of TEGDMA compared with HEMA could further be explained by its ability to interact with the lipid bilayer of cell membranes in a surfactant-like manner 66) and/ or by its ability to cause lipid peroxidation in vitro 67, 68) . Both membrane effects can cause cell death 69) . It has been demonstrated that the (co)monomer TEGDMA may also significantly interfere with intracellular glutathione 70, 71) and that early and extensive depletion of the intracellular GSH level in tissues may significantly contribute to cell death 71) . The lipophilicity of (co)monomers (Table 5 ) also affects their cytotoxicity 72) , possibly explaining the higher cytotoxicity of the highly lipophilic Bis-GMA compared with HEMA or relative to ACR. Bis-GMA has an Octanol/water partition coefficient (log P) of 6.92 73) in comparison to HEMA with 0.72 73) , which is about tenfold higher, or in comparison to ACR 74) about ninefold higher. It seems likely that ACR acts via its epoxy compound glycidamide, which has been shown to induce the formation of micronuclei likely through unrepaired DSBs and other cytotoxic mechanisms 75) . Interstrand crosslinks may also be involved, since their repair can also induce DSB formation 76) . The administration of NAC has been shown to protect against the ROS-mediated toxicity of ACR 77) . In agreement, ACR-mediated toxicity to liver and intestinal cells was rescued by NAC administration 77) . These findings corroborate the results of this study, where NAC did prevent dental monomer-induced chromatin condensation and apoptotic changes like karyopyknosis or nuclear fragmentation in HGFs.
